Introduction
8 overproduction from single-copy GAL1 promoter. The obtained profiles were similar to the one 154 obtained with high Sup35NMG overproduction from multicopy GAL1 promoter (Fig. 1A) . This 155 indicates that high overproduction did not significantly alter prion structure. However, analysis of 156 preparations with no or low Sup35NMG overproduction was complicated by high background and 157 presence of peptides unrelated to Sup35. For this reason, we used high Sup35NMG overproduction 158 in this study. 159 160 C-terminal core of the Rnq1 prion. Two peptides, frequently found in Sup35NMG PK digests 161 were identified as the Rnq1 fragments 366-405 and 360-405 ( Fig. S1 ). Ten more Rnq1 fragments 162 were minor and found mostly in preparations where Sup35 was not overproduced. In mirror 163 similarity to the Sup35 Core 1, all these fragments ended at the C-terminus. The size of Rnq1 164 peptides was from 26 to 50 residues. No Rnq1 peptides were observed in preparations from [pin -] 165 and Δrnq1 cells. 166 167 Weak and strong [PSI + ] differ in Core 1 structure. While the major visual difference between 168 [PSI + ] isolates was the presence or absence of Cores 2, 3 and 4, the strength of the [PSI + ] phenotype 169 correlated with less prominent differences in the structure of Core 1, which are better seen on MS 170 spectra ( Fig. 2B and S1 ). We observed two major patterns of Core 1 digestion, which fully 171 correlated with our initial assignment of [PSI + ] variants as weak or strong basing on colony color 172 and nonsense codon readthrough (Fig. 3) . 173
In all studied samples the N-terminal region of about 31 residues was fully protected from PK 174 digestion. This region spanned residues 2-32 in weak variants, and 2-32 or 2-30 in strong ones, but 175 the 2-30 peptide was minor and thus poorly accessible. Partial protection from PK usually extended 176 over a larger area, up to residue 72. 177
In the strong [PSI + ] variants the most abundant PK-resistant peptides were 2-35 and 2-38, while 178 in weak variants these were 2-42 and 2-45. Another significant difference was that the region 42-72 9 was much better protected in strong [PSI + ] variants, in which we observed less peptides ending in 180 this region. As a result, a group of peptides 2-70, 2-71 and 2-72 was often the most abundant in 181 strong [PSI + ] preparations, while in weak [PSI + ] it was minor or almost absent. The variant S-W8 182 was unique among strong [PSI + ], since, in addition to characteristic peptides 2-35 and 2-38, it 183 showed a major resistant peptide 2-57 instead of 2-70, thus somewhat resembling weak variants 184 ( Fig. 2B and S1-17). 185
Interestingly, the PK resistance of region 33-72 depended on its connection to the fully 186 protected core 2-32. Of all possible internal peptides of the region 33-72, we observed only trace 187 amounts of peptides 38-70 and 38-71, and only in some strong [PSI + ] preparations. This shows that 188 the region 33-72 becomes highly sensitive to PK after being cleaved from the fully protected 2-32 189 core. 190
Core 2 usually occupied region 91-120 in weak [PSI + ] and 81-100 in strong [PSI + ] ( Table 2 ). In 191 weak isolates Core 2 was found more frequently and showed higher PK resistance. In S- W8 variant 192 Core 2 was intermediate between the weak and strong types and occupied the region 91-113. Core 3 193 usually spanned the region 125-148 and was more frequent in strong [PSI + ] isolates (Table 2) . 194
Cores 2 and 3 were less PK-resistant than Core 1 and their visible proportion decreased at higher 195 levels of PK. 196 197 Additional phenotypical assays distinguishing weak and strong [PSI + ] types. Since our PK 198 digestion data suggested that various types of [PSI + ] belonged to two distinct structural classes, and 199 did not represent a continuum of structural variants, we looked whether their difference could be 200 observed as clearly in other assays. Earlier we and others observed that strong and weak [PSI + ] 201 react differently to overexpression of the SUP35 and HSP104 genes. Strong [PSI + ] was extremely 202 toxic or lethal in combination with multicopy SUP35 (25) and was not cured by multicopy HSP104 203 (12). Weak [PSI + ] variants showed opposite behavior, being nontoxic with multicopy SUP35 (25) 204 and very sensitive to multicopy HSP104 (14, 26). However, the earlier studies tested single 205 representatives of strong and weak [PSI + ], and so it was not clear, how general these observations 206 are. 207
We transformed 15 [PSI + ] variants with multicopy plasmids with the HSP104, SUP35 as well as 208 SUP35NM genes ( Fig. 4) . Multicopy HSP104 eliminated all weak [PSI + ], and did not eliminate 209 strong ones. Multicopy SUP35 was highly toxic for S-VH and S-W8, and lethal for other strong 210 [PSI + ]; it was slightly toxic for S-L2 and non-toxic for other weak [PSI + ]. The effect of excess 211 Sup35 on strong [PSI + ] cells was so dramatic that even low copy centromeric SUP35 (presumably, 212 single-copy due to negative selection) caused significant retardation of growth of the S1 [PSI + ] (Fig.  213 4). Thus, all variants showed either one of the two described opposite modes of behavior in strict 214 dependence on structure of the Core 1. Even the variant S-W8, which showed some structural 215 similarity with weak [PSI + ] and the nonsense readthrough level intermediate between strong and 216 weak variants, was unambiguously classified as strong. Therefore, strong and weak [PSI + ] variants 217 represent two distinct classes, which are readily distinguished by the structure of Core 1 and by the 218 effects of multicopy SUP35 and HSP104 genes. 219
The lethality of strong [PSI + ] combined with multicopy SUP35 was relieved, when SUP35 was 220 supplemented with an equal number of copies of the SUP45 gene. This confirms earlier reports that 221 the lethality is related to depletion of the essential translation termination factor Sup45 (eRF1) (25 transformed cells bearing S1 and S-7 variants with multicopy HSP104 under its endogenous 229 promoter and plated cells to SC-glucose and SC-galactose media. Transformants were streaked to these constituted about 20% of colonies after SC-galactose ( Fig. S2 ). Thus, [PSI + ] curing by 232
Hsp104 overproduction depends on carbon source, which resolves the contradiction. 233
234
Manipulations with Core 2. To assess whether Core 2 could be selectively eliminated and whether 235 this would affect the nonsense suppressor phenotype, we overproduced the Sup35 deletion variant 236 Sup35(∆84-112)NMG, lacking a part of Region 2 in [PSI + ] variants S1, S-W8 and W-1112. We 237 reasoned that the truncated Sup35 should efficiently incorporate into Sup35 prion polymers via 238 Core 1 (13, 15, 28), but would not template Core 2, which should then be eliminated. Then the 239 plasmid encoding Sup35(∆84-112)NMG was lost, Sup35NMG was overproduced and prion 240 structures were analyzed by PK. Core 2 disappeared in variant S1, but stayed unchanged in W-1112 241 ( Fig. 5A ). In S-W8 Core 2 remained, but was altered and Core 3 appeared in one of two cases ( Fig.  242 5A). This allows thinking that Core 1 can predetermine the formation and restoration of Core 2, 243 though not in all cases. 244
To further characterize the dependence of Core 2 on Core 1, we inserted an additional copy of 245 oligopeptide Repeats 4 and 5 between Regions 1 and 2 without altering these Regions. This protein, 246 Sup35(N+2R)MG, was overproduced in variants W-1112 and S-W8, and its structure was analyzed. 247
Core 2 was essentially unchanged in both variants ( Fig. 5B ). Thus, in some contrast with the 248 previous observation, Core 2 can propagate relatively independently from Core 1. The distance 249 between Cores 1 and 2 was not critical for Core 2 formation, which suggests that the PK-sensitive 250 region between Cores 1 and 2 is poorly structured or unstructured. 251
Notably, loss of Core 2 in the S1 variant did not cause a statistically significant change of 252 nonsense readthrough ( Fig. 3 ). In earlier experiments (13) we observed that shuffling of Sup35 for 253 Sup35(∆84-112) and back did not change phenotype of both strong and weak variants. This 254 suggests that such procedure either did not change Core 2 or Core 2 did not affect phenotype. 255 256 attempts to eliminate Core 2, in some others Cores 2 and 3 were unstable and could change 258 spontaneously during propagation. We noted that in one of the transformants of S-7 variant with 259 pYes2-Sup35NMG overproduction of Sup35NMG results in a significant proportion of elongated 260 cells, which could indicate defects of cytoskeleton related to insufficient function of Sup35 or 261 Sup45 (29). This prompted us to compare structures of Sup35NMG isolated from this (S-7-3) and 262 two other transformants (S-7 and S-7-4) with standard cell morphology. All three structures differed 263 in either Core 2 or Core3. Isolate S-7-3 was distinguished by the presence of Core 3 ( Fig. S1-4 ). 264
However, it is not certain that this difference is related to phenotype. Also of note, all three 265 transformants did not noticeably differ by colony color despite the differences in Cores 2 and 3 266 ( Fig. S3 ). 267 Some preparations, e.g. S1, S-R4b and W-T7 appeared to represent a mix of two types of Core 268 2, while S-L20 combined Core 2 and Core 2-3 ( Fig Table 2 ). This allows assuming that Regions 1 and 2 are 286 involved in the amyloid core in all cases when they are protected from PK. 287
The nature of Cores 3 and 4 is less certain. Recently, Sup35 amyloid was obtained in vitro, in 288 which the only PK-resistant core spanned region 81-148 and thus included Regions 2 and 3 (24). 289
However, amyloid structures based solely on Region 3 were never shown. The same is true for 290
Region 4, which, besides, contains 52% of charged residues and thus appears unlikely to form We found that the Sup35 prion core is composed of up to four PK-resistant elements, located within 299
Regions 1 (residues 2-72), 2 (73-124), 3 (125-153), and 4 (154-221). Curiously, the border between 300 the Regions 2 and 3 coincided well with that of the N and M domains. The N-terminal Core 1 was 301 present in all preparations, while other Cores differed between variants ( Fig. S1 ). Core 1 was also 302 the largest of these structures and best protected from PK. 303
Core 1 mainly defined the [PSI + ] phenotype, and so formation of Cores 2 to 4 was expected to 304 have little effect on phenotype. For Core 2 this was confirmed in the case of S1 variant. Region 3 305 roughly corresponds to the sequence 129-148 involved in interaction with Hsp104. Deletion of this 306 sequence changes colony color from white to pink (7), which resembles the difference between interaction with Hsp104. 310
Core 2 in variants W-1112 and S-W8 was highly stable and resisted attempts to remove it 311 through transient overproduction of Sup35NMG with deletion overlapping with Core 2, or by 312 insertion of two additional oligopeptide repeats between Cores 1 and 2. In contrast to this, in S-7 313 Cores 2 and 3 could change spontaneously. In variants S1, S-R4b and W-T7 the PK-resistant 314 peptides from Region 2 appeared to represent two overlapping cores, one of which was typical of 315 strong, and one of weak [PSI + ] ( Fig. S1 -1, 10, 24). It also appears likely that low levels of PK-316 resistant peptides from Regions 2 and/or 3 in some variants are due to presence of Cores 2 and/or 3 317 in only a fraction of prion particles. Structural heterogeneity of Sup35 prion was observed earlier as 318 "a cloud of variants" (31) . Also, electron microscopy of Sup35 preparations seeded in vitro by 319 strong or weak [PSI + ] lysates revealed that two types of Sup35NM fibrils, "thick" and "thin", were 320 simultaneously present in each preparation. In the thick fibrils all Sup35NM was folded, including 321 the M domain, while in the thin fibrils a region approximately corresponding to M domain was 322 unfolded (32). 323
Our data support the amyloid nature of the Cores 1, 2 and 3, while the nature of Core 4 is 324 questionable. While Region 4 contains a high number of positively and negatively charged residues 325 and thus does not appear amyloidogenic, some earlier studies indirectly support the amyloid nature 326 of Core 4. In the latter cited work (32) the folded state of the M domain was faithfully propagated 327 along fibrils. It seems unlikely that such transmission could occur without formation of 328 intermolecular amyloid structure. Another work showed that of seven leucine residues in the M 329 domain at least five form in-register contact with another Sup35 molecule (2). Since three of these 330 at 37ºC, which are regarded as analogs of the strong and weak prion folds, respectively. PK 356 digestion based mapping of such Sup35 amyloids was performed only recently (24), and some 357 results were very different from ours. These authors observed that the major PK-protected peptides 358 in the "strong" fibrils assembled at 4ºC were 2-38, -42, -45, -46; and 2-72 in the "weak" 37ºC 359
assembly. This result is directly opposite to our observations based on 26 prions that the former is that simultaneous presence of two or more of PK-resistant cores was not observed in the in vitro 362 fibrils. 363
The same work described Sup35 amyloids, whose PK-resistant core did not include the N-364 terminal region, being located between residues 62 or 81 and 144 (24). We observed similar PK-365 resistant fragments 81, 91-144, but failed to find prions lacking Core 1, and it is doubtful whether 366 such amyloids can propagate as prions in vivo for the following reasons. Such amyloids were 367 formed by mutant protein Sup35NM(S17R), and their fold was transferable in vitro to wild type 368 Sup35NM. The S17R mutation impairs Core 1 formation, and so do two Sup35 N-terminal 369 deletions, which we tested. The Sup35(∆2-30)NMG protein formed amyloid lacking Core 1 ( Finally, the amyloids with 62-144 core produced unstable [PSI + ], when introduced into yeast cells 374 (24). Thus, it appears likely that such Sup35NM fold rearranges in vivo and acquires Core 1. If so, it 375 would be very interesting to find, why some amyloid folds existing in vitro are so disfavored in 376 vivo. The described observations show that the data obtained with Sup35 fibrils spontaneously 377 formed in vitro may differ significantly from those obtained with in vivo prions. 378 but different colony color; W-VK and W-VL had redder colonies, but higher readthrough than W-388 1111 and W-1112 ( Fig. 3) . by different methods (18, 20, 37), and emerging descriptions differed noticeably, sometimes even 407 within a single study (18). Our data support some earlier findings and contradict others. 408
The most prominent structural feature in our study was the fully protected N-terminal region 2-409 32. Proline substitution and glycine insertion mutagenesis showed that this region is most critical 410 for [PSI + ] propagation (15, 16). Remarkably, such alterations, made just three residues away from 411 the N-terminus, interfered with three [PSI + ] variants of four and, regrettably, closer positions were 412 not tested. The majority of mutations impairing [PSI + ] propagation also mapped to the same region (38). Finally, the Sup35 region 1-61, fused to GFP, was sufficient to faithfully transmit specific 414 prion fold of variants S-VH, W-VK, W-VL and S-W8, when this fusion protein was seeded by cell 415 lysates and the resulting amyloids were reintroduced to yeast (15, 16). 416
The 2-32 region of Sup35 amyloids was also the best protected from Hydrogen/Deuterium 417 exchange (20). In contrast, site-specific labeling with fluorescent molecules pyrene maleimide and 418 acrylodan indicated that the region 1-20 is loosely structured and does not form intermolecular 419 contacts (18). The latter result could be an artifact, because fibers were formed from a mix of 420 labeled and unlabeled Sup35 molecules, while prion formation is sensitive to even single residue 421 differences in this region and the dyes used, acrylodan (225Da) and pyrene maleimide (297Da), are 422 twice larger than an average amino acid residue. Summing up the above observations, the region 2-423 32 represents the key element of Sup35 prion structure for all studied [PSI + ] variants. 424
The difference in folding of the weak and strong prions was observable as different PK cutting 425 of the region 32-45 ( Fig. 2B, S1 ). Notably, PK cut at the same sites in all preparations, but the 426 proportions were different. PK never cut after Q33, N36, A39, Q40, P41, G43, G44, and this cannot 427 be related to residue specificity of PK, since all these residues, except for P, were good targets for 428 PK at other locations of Sup35NM. Thus, the similarity of cutting sites probably reflects similar 429 local folding of this region. We suggest that the key structural difference of the strong and weak 430 folds is located within the region 2-32 inaccessible for PK. This difference modulates exposure of 431 the region 32-45, causing the difference in accessibility of residues 35, 38, 42 and 45, which allows 432 distinguishing weak and strong folds. 433
The region 33-72 appears to differ significantly from 2-32 in structure. It was protected from 434 PK only partially, but, furthermore, this protection ceased, when PK cut this region off from the 435 region 2-32. Together with Core 2, such sequence of structures is reminiscent of the structure 436 residues towards the N-terminus relatively to "weak" Core 2, and the same shift was observed for 442 the Tail. The only, but significant, difference is that Core 2 was optional, while the Tail was 443 presumed to be of key importance for the prion structure. Of note, the region between the fully 444 protected Core 1 and "weak" Core 2 is mainly formed by oligopeptide repeats (residues 41-97, Fig.  445 1). 446
Gorkovskiy and coauthors mapped residues involved in in-register contacts between Sup35 447 molecules in the region 9-101 (19). According to this work, Tyr-29 is not involved in 448 intermolecular in-register contacts, and is presumed to be in a loop or turn, while Tyr-35 was 449 presumed to form contacts, being in the middle of beta strand. However, in our hands Tyr-29 was 450 not accessible to PK while Tyr-35 was. On the other hand, the finding that Gln-71 forms 451 intermolecular contact, while Tyr-73 does not (19), fits well with the border of the partially 452 protected region at Gln-72. 453
The "serpentine" model of the Sup35 prion structure proposes that it is composed of short (5-8 454 residues) beta strands and beta turns alternating in the serpentine manner (39). Our data are poorly 455 compatible with this model. First, because in the serpentine structure all parts of amyloid core are 456 similar in their properties, while we observed asymmetry and fundamental difference of regions 2-457 32 and 33-72. Second, the N-terminal residues were fully protected from PK, which would be 458 difficult to achieve at the edge of serpentine structure, and suggests that these residues are buried 459 inside of the amyloid structure. Notably, the Rnq1 prion (this work) and fibers of anchorless PrP 460 generated in vitro (40) showed a similar property: the terminal region was fully protected from PK, 461 though in these cases it was C-terminus. Third, one can expect from the serpentine structure 462 periodic accessibility to PK corresponding to serpentine turns, which was not observed. Fourth, 20 Several observations suggest that Core 1 is larger in weak variants. The region protected from 466 Hydrogen/Deuterium exchange spans residues 1-37 in strong and 1-70 in weak Sup35 fibers (20), 467 which agrees well with much higher fragility of strong fibers (37) and their lower thermal stability 468 (41). In contrast, we observed that the region 33-70 was much better protected from PK in strong 469
[PSI + ] variants. (Fig. 2, S1 ). Other observations more consistent with ours are that Gly58Asp 470 (PNM2) and Gly54Glu mutations in this region interfere with propagation of strong, but not weak 471 [PSI + ] variants (42, 43). Thus, despite the obvious discrepancy, these observations do not directly 472 contradict each other, and may be related to different methods of observation. 473
The in vitro obtained "weak" and "strong" Sup35 fibrils showed dramatic difference in fragility 474 (37). Explaining this can be helped by our observation that weak prions usually included Core 2, 475 while strong prions usually lacked it. Due to this, weak fibrils should be wider, while fragility is 476 inversely related to the second power of the width of elongated objects. 477
The findings described in this work pose some further questions. Why is Core 1 much more 478 his3-Δ200 trp1-289) and 5V-H19 (MATa ade2-1 ura3-52 leu2-3,112 SUQ5 can1-100) All assays were repeated three times, and the data are expressed as mean ± SEM. 574 575 PK resistance index calculation. To graphically represent the PK resistant structures, we 576 calculated for every residue of Sup35NM the PK resistance index R as a sum of mass spectral peak 577 areas of peptides which include this residue ( Fig. 2A and S1 ). For each preparation, two MALDI 578 spectra were taken, in the reflecton and in the linear mode. The former is more precise and 579 convenient for identification of peptides, but underrepresents heavy peptides. The latter shows more 580 correctly the amount of peptides in the range of 4 to 8 kDa. The peptides in the range of 1 to 4,5 581 kDa were calculated basing on reflecton spectra, for heavier peptides calculation was based on 582 linear spectra with a correction coefficient allowing to merge two datasets by equalizing them at 583 The borders of the Cores were defined as the biggest increment or decrement of the PK resistance 780 index R per three sequential residues. In cases of nearly equal maximal increments or decrements 781 two or three values are given for borders. *Index R is below 0.1. †Core 2-3. 782 
